The effect of compost application on weed, fungal, and insect pest management in apple orchards was investigated from 1999 to 2001. Composted poultry manure was applied in June 1999 to half of two small research orchards which had previously received little or no management. The compost provided weed control for 1 year after application. There was no effect of compost on apple scab (Venturia inaequalis) infection. In a laboratory experiment, growth of the brown rot fungus (Monilinia fructicola) was significantly slower on a compost substrate than a sterilized compost substrate. The compost significantly affected arthropod abundance during two years after application, with more predators and fewer herbivores in the compost treated plots. Populations of spotted tentiform leafminer (Phyllonorycter blancardella) and migrating woolly apple aphid (Eriosoma lanigerum) nymphs were reduced in the compost plots. This study showed that the use of compost in an orchard ecosystem is beneficial to management of weed, fungal, and insect pests. The use of compost as a mulch in orchard ecosystems should be encouraged as a sustainable management practice because of a potential to reduce pesticide use. Published by Elsevier B.V.
Introduction
The benefits of organic compost additions to soil structure and nutritional dynamics are well documented (Allison, 1973; Glover et al., 2000; Andrews et al., 2001) . Adding organic compost to apple orchards has been shown to increase bloom and growth of newly planted trees (Autio et al., 1991) and fruit yields (Niggli et al., 1990) . Compost increases soil biodiversity, which is essential to maintaining soil health (Kennedy, 1999) . Soil health has been suggested to be used as a primary indicator of sustainable management (Doran, 2002) . The use of compost as part of an organic approach to apple production has been shown to be cost effective when compared with conventional practices . A variety of organic materials have been used as mulch to suppress weeds and improve soil fertility (Cogliastro et al., 1993; Pinamonti, 1998; Arthur and Wang, 1999; Lu et al., 1999) . Weeds were successfully controlled with organic mulches in California, which included woodchip waste in young pecan trees and composted poultry manure in an organic apple orchard (Swezey et al., 1998; Smith et al., 2000) .
Numerous studies have shown that compost can reduce soil-borne diseases in a variety of cropping systems (Windels, 1997; Hoitink and Boehm, 1999) . Organic amendments to the soil are reported to enhance various fungi, mites, collembola (Morris, 1922; Pimentel and Warneke, 1989; Badejo et al., 1995) , and predatory arthropods such as spiders and carabid beetles (Morris, 1922; Reichert and Bishop, 1990;  0167-8809/$ -see front matter. Published by Elsevier B.V. doi:10.1016/j.agee.2003.11.006 Mathews et al., 2002) . Studies exploring the impact of compost on arthropods have largely dealt with effects on the abundance and diversity of the soil-dwelling arthropod community. Some studies have also shown a reduction in pest incidence associated with increased predator abundance in crops treated with organic mulches (Culliney and Pimentel, 1985; Reichert and Bishop, 1990; Brust, 1993) . Mathews et al. (2002) showed that the increase in arthropod predators in a young apple orchard was related to the organic properties of the material added to the soil ecosystem rather than the physical properties. Settle et al. (1996) found that adding organic matter to the rice (Oryza sativa L.) ecosystem not only increased detritivore and predator abundance but also enhanced the sustainability of rice production.
In the current study, a similar "bottom-up" approach was investigated to enhance system-wide biological control. The detritivore trophic level was provided additional food resources by adding compost mulch. The resulting effects were examined on various trophic levels: weeds, fungal pathogens, and insect pests; concentrating on specific pests, as indicators of system-wide effects. The effects of compost on abundance of weeds, apple scab (Venturia inaequalis (Cooke) G. Wint.), growth of the brown rot fungus (Monilinia fructicola (G. Wint) Honey), and two arthropod pests, woolly apple aphid (Eriosoma lanigerum Hausman) (Homoptera: Aphididae) and spotted tentiform leafminer (Phyllonorycter blancardella (F.)) (Lepidoptera: Gracillariidae), were directly evaluated.
Materials and methods
Two small (0.15 ha), 16-year-old apple (Malus domestica Borkh.) orchards at the Appalachian Fruit Research Station, Kearneysville, WV, were used for field experiments. Each orchard had five rows of trees planted at 4 m × 5 m spacing with one orchard having 18 trees per row and the other from 8 to 21 trees per row. Both orchards were adjacent to wild habitat and within 50 m of an unmanaged apple orchard. Orchards were planted in April 1984, with equal numbers of the cultivars 'Delicious', 'Golden Delicious', 'York Imperial', 'Stayman Winesap', and 'Empire' on the semi-dwarfing rootstock, M.7A. The soil in the orchards was Hagerstown silt loam (fine, mixed, mesic Typic Hapludalf). Prior to plot establishment the orchards received minimal management with pruning every 2 years, mowing 2 or 3 times per year, and the herbicide 1,1 -dimethyl-4,4 -bipyridinium (paraquat) applied under the trees every 2 years. The orchards received no fertilizer or fungicide, and fruit was allowed to drop under the trees. No insecticide had been used in either orchard for 10 years.
In May 1999, glyphosate (N-(phosphonomethyl) glycine) was applied as a spot treatment on all weeds that had emerged in a 3 m wide strip under all the trees in both orchards. In each orchard, 20 treatment plots comprising four consecutive trees within a row were established. Ten plots in each orchard were randomly selected to receive a pre-emergent herbicide treatment using combination of diuron [N -(3,4-dichlorophenyl)-N,N-dimethylurea] and terbacil [5-chloro-3-(1,1-dimethyl)-6-methyl-2,4(1H,3H)-pyrimidinedione] applied at 1.1 kg a.i./ha of each herbicide to the 3 m wide strip under the trees. The pre-emergent herbicides were applied prior to treatment with compost mulch.
No herbicide was applied in 2000, but all weeds were mechanically cut to ground level in June 2000.
Each orchard was divided in half, across tree rows, and the half to receive compost mulch was selected randomly by a coin flip. Each half of each orchard contained five plots treated with pre-emergent herbicides and five untreated. Each orchard, therefore, had a total of 20 plots, 3 m × 20 m in size: five with compost and pre-emergent herbicide, five with compost and no pre-emergent herbicide, five with no compost and pre-emergent herbicide, and five with no compost and no pre-emergent herbicide. The compost mulch was a mixture of turkey (Meleagris gallopavo L.) and chicken (Gallus gallus domesticus L.) litter with hardwood chips added to a C:N ratio of 60:1 and a moisture level maintained at 50% (w/w). The mixture was turned for aeration each week over a 3-month composting period under a roofed structure at the Potomac Valley Conservation Facility in Moorefield, WV, an experimental poultry mulch producing facility. The compost mulch was applied at a depth of 6 ± 0.5 cm (fresh wt. 1.6 g/cm 2 , dry wt. 1.1 g/cm 2 ) in a 3 m wide strip under the apple trees in June 1999. Ten single tree subplots in each orchard (five having received residual herbicide and five without residual herbicide) received compost to a depth of 12 ± 0.5 cm (fresh wt. 4.0 g/cm 2 , dry wt. 2.9 g/cm 2 ).
Weed management
The degree of weed control provided by the various treatments was estimated by counts of the percent ground area covered by vegetation in four randomly located 1 m 2 subsamples in each of the five replicates per treatment and orchard (20 samples per treatment combination). Percent ground area covered was visually estimated by two individuals in October 1999, May 2000, and September 2000.
Disease management
On 5 June 2000 and 14 June 2001, apple scab was estimated by rating the percentage of leaf area covered with lesions. Nine trees in both compost treated and untreated control plots were sampled in each orchard. On each tree, 10 leaves from the mid-terminal growth and 10 leaves from spur shoots were randomly selected. Disease incidence was rated on a scale 0-4, where 0 was no scab lesion, 1 was 1-25%, 2 was 26-50%, 3 was 51-75%, and 4 was 76-100% of the leaf surface with scab lesions.
A controlled laboratory trial was conducted to study the effect of composted poultry manure mulch on the growth of M. fructicola, used as a model for fruit decay fungi. The experimental unit was a plastic container (18 cm × 30 cm) with lid. Each treatment was replicated four times and consisted of: (1) clean fruit+ sterilized compost, (2) clean fruit + active compost, (3) clean fruit + active compost + infected fruit, (4) clean fruit + sterilized compost + infected fruit. Treatments were designed to determine if M. fructicola either developed from incipient infection or grew from an infected fruit over the compost mulch to a clean fruit, and to factor out effects of antimicrobial agents associated with active compost versus the physical structure of the mulch.
On 20 September 1999, 18 l of compost from the same source as the field study was collected, following 3 months of field exposure without turning the pile. Half of the compost was sterilized by autoclaving for 47 min on gravity cycle. The sterile compost was then re-hydrated with deionized water to the same moisture content as the active compost (%, w/w). Sixteen peaches without symptoms of brown rot were collected from a sprayed orchard. Another 16 peaches with brown rot symptoms were collected from the ground at the base of a peach tree with heavy brown rot infection in an unsprayed orchard. All peaches were surface sterilized with a 0.525% sodium hypochlorite solution for 3 min and rinsed with deionized water. For all treatments, a clean peach was placed on the bottom of the plastic container. For treatments 3 and 4 one infected fruit was placed 15 cm from the clean fruit ensuring that there was no physical contact between them. A layer of mulch consisting of 2000 ml of compost (either active or sterile) ca. 5 cm deep, was placed evenly around the fruit in each container, such that the fruit were still visible, and the lid was replaced. All containers were held in a growth chamber at 22 ± 2 • C and photoperiod 12:12 h L:D. Fungal growth on the clean fruit was estimated on 19 October 1999 and 21 January 2000, using a fungal colonization scale ranging from 0 for no growth, 1 for 1-20%, 2 for 21-40%, 3 for 41-60%, 4 for 61-80% and 5 for 81-100% colonization of the fruit.
Insect management
The arthropod community in the apple orchard plots was sampled using pitfall traps. Each trap consisted of a 200 ml glass jar with 50 ml ethylene glycol. The jar was buried in the ground so that the top of the jar was level with the ground or surface of the compost mulch. The jar was covered with a plastic Petri dish suspended over the top for protection. Four pitfall traps were placed under trees in the low depth (6 cm) compost treated and untreated control plots of each orchard. Two of the four pitfall traps were in subplots that received the residual herbicide treatment and two were in subplots without residual herbicide. The traps were monitored for periods of one week beginning 24 June, 4 August, and 17 September 1999; 26 June and 21 August 2000; 18 June and 9 August 2001. Several traps were lost in June 2001 due to heavy rain and rodent damage leaving only three traps each in the compost treated and untreated control plots covering both orchards. Pretreatment pitfall sampling in 1997 had shown no significant differences in arthropod abundance between orchards (Mathews et al., 2002) . Arthropods were identified to family or order.
Leaf mines produced by P. blancardella were counted on 5 June 2001. These were mines from offspring of the overwintering generation. Six trees were randomly selected from each of the compost treated and untreated plots in each orchard. For each tree, a 5 min count recorded all mines seen while walking around the tree.
Populations of E. lanigerum were destructively sampled in one of the orchards. Trees were pushed over with a bulldozer, exposing the root systems, in October 2001. Ten trees in each of the compost treated and untreated control plots were examined and rated for aphid colonies and presence of root galls produced by E. lanigerum feeding on the roots. A rating of 0-6, where 0 is no root galls and 6 is the entire root system extensively galled or aphids present was used to evaluate the extent of the aphid infestation.
Statistical analysis
Where data could be transformed to meet the assumptions of normality and homogeneous variances a split plot analysis of variance was done to test for treatment effects (SAS Institute, 1996) . Weed cover data were further examined with linear contrasts to test for the effect of compost depth. Data on insect abundances from pitfall trapping were log transformed and treatment effects tested with least significant differences. Data on apple scab incidence were compared using 95% confidence intervals. Data on brown rot growth in the laboratory could not be normalized and were analyzed by the nonparametric Kruskal-Wallis test (Conover, 1971) . Infestation levels of P. blancardella and E. lanigerum also could not be normalized and were analyzed with the nonparametric Mann-Whitney test (Conover, 1971) .
Results

Weed management
Following applications of glyphosate, mulch applications improved weed control during 1999 (Table 1) , but there was no effect of residual herbicides. In October 1999, average weed abundance was 7 and 10% ground area covered for plots treated or not treated with residual herbicides. Mulched plots had 2% or less ground area covered, compared with 25% in control plots (Table 1) . Weed abundance was affected by depth of mulch application in October 1999 and May 2000, when there were fewer weeds in the plots receiving The combined application of glyphosate in May and high rate of mulch in June 1999 provided weed control for the longest time, but perennial weeds emerged by September 2000, the end of the second season after application. Mulch had decreased from 6.0 to 4.8 cm, but the dry weight decrease was only 16%, indicating that compost persisted as mulch for at least two growing seasons.
Disease management
There was no difference in apple scab in June 2000 or 2001 as a result of compost treatment. The average incidence in compost treated plots was 1.25 (S.E. = 0.10) and 0.29 (S.E. = 0.04), in untreated control plots 1.11 (S.E. = 0.14) and 0.28 (S.E. = 0.05) for 2000 and 2001, respectively.
There was a significant reduction in brown rot growth on previously clean peach fruit in active 
Insect management
A summary of the arthropods caught on apple orchard floor is presented in Tables 2 and 3 . Staphylinids and carabids responded to the addition of compost with significantly greater abundance in July and August 1999. Spiders were significantly more abundant in the compost plots than in the untreated control in September 1999 and August 2000. The overall abundance of predators was significantly higher in the compost plots from August to September 1999 (Table 2) . Ants showed no response to the application of compost (Tables 2 and 3) . The detritivore population was significantly greater in the compost plots in August and September 1999 and in August 2000 (Table 2) . Migrating E. lanigerum nymphs, the predominant species of aphid included in Table 2 , were significantly more abundant in the untreated control plots than in the compost plots in July 1999 and June 2000, and total herbivores significantly more abundant in the control plots in June 2000. Overall density of potential prey for the predatory arthropods was significantly higher in the untreated control Table 4 Herbicide (Herb) by compost interaction terms (log mean) for arthropod pitfall trap data, means within rows followed by the same letter are not significantly different, P < 0.05, least-squares means separation (Table 2 ). Pitfall sampling continued through summer 2001, but no difference between plots was detected in any arthropod group. The application of residual herbicide had a minor impact on arthropod populations. In August 1999, there were more herbivores in herbicide treated (1.97 ± 0.24) than in untreated plots (1.59 ± 0.24). In September 1999, there were fewer ants in the herbicide treated (0.98 ± 0.18) than in the untreated plots (1.31 ± 0.18). There were also significant interactions between compost and herbicide treatments (Table 4) , plots with both herbicide and compost having fewer herbivores in September 1999 and more staphylinids in June 2000. The compost treatment without herbicide resulted in more spiders in August 2000. The herbicide treated plots without compost resulted in greater abundance of aphids in September 1999, and plots with compost had the highest number of total prey.
The population of P. blancardella was low in June 2001, with no significant difference between compost (2.08) and untreated plots (3.75 leaf mines per 5 min count). The infestation of roots by E. lanigerum was not affected by the application of compost. The aphid infestation on roots in the compost plots averaged 5.1 and 4.8 in the untreated control (P > 0.05, Mann-Whitney test).
Discussion
This study demonstrated that compost application in apple orchards can beneficially impact pest management on the orchard floor (reduced weed growth, reduced herbivores and increased predatory arthropods). There seemed to be some effect on insects in the tree canopy with fewer P. blancardella and E. lanigerum. Mulching with compost significantly reduced weed growth for a year after application. Both the 6 and 12 cm depth mulches significantly deterred weed growth into the beginning of the summer following compost application as reported by Swezey et al. (1998) and Smith et al. (2000) in apple and pecan orchards. The reduction of herbicide use to only spot treating problem areas in the orchard could be a significant step toward increasing the environmental sustainability of orchard production. Reduced expenditures for herbicides could also contribute to offsetting the costs associated with acquiring and applying compost.
This study showed that compost application in a mature apple orchard increases the biodiversity of arthropods inhabiting the orchard floor, as was shown previously in other agricultural systems (Pimentel and Warneke, 1989; Reichert and Bishop, 1990; Badejo et al., 1995; Mathews et al., 2002) . Numbers of predators and detritivores were enhanced by the application of compost as in a young apple orchard in West Virginia, USA (Mathews et al., 2002) . Increasing arthropod biodiversity alone may make ecosystems more sustainable (Paoletti, 1999; Altieri, 1999) .
The increase in predator abundance in compost treated plots may be related to the reduction in herbivore pests documented in this study. The abundance of P. blancardella and E. lanigerum were reduced, both spend a portion of their life cycle in or on the soil where they would be exposed to foraging predators. The root sampling indicated that the overall population of E. lanigerum feeding on the roots was not affected by compost, whereas the abundance of migrating nymphs was reduced, explaining most of the reduction in herbivores in the pitfall traps. The increase in predator populations is a plausible explanation for the decrease in these pests in the compost treated plots. It has been shown that the physical qualities of mulch can affect migrating E. lanigerum (Damavandian, 1999) which could help explain the reduction in nymphal populations of this insect in the compost plots. Mathews et al. (2002) showed an increase in codling moth predation rate in compost treated apple orchards. Many other serious pests of apple were also found on the soil for which even small increases in predator activity could have a significant impact in terms of pest management. If reductions in pest populations were sufficient to omit even a single insecticide application, economic and environmental orchard sustainability would be further enhanced.
The herbicide effect on arthropod densities found in this study provided valuable insights for orchard understory management. The increase in herbivores (August 1999) and the reduction in ants (September 1999) are undesirable (Paulson and Akre, 1991; Way and Khoo, 1992) , while the reduction of spiders in plots receiving herbicide and no compost (August 2000) could lead to further herbivore increases (Reichert and Bishop, 1990; Bogya and Markó, 1999) . Overall, the results indicated that compost was preferable to herbicide application, since beneficial predators were more abundant, herbivores reduced, and weed suppression was greater in mulched plots compared to herbicide treatment for at least the first year after compost application. However, the experimental orchards had not been commercially managed and the net effect of using compost mulch instead of herbicides would need to be evaluated within the context of other horticultural and pest management operations. Cost of compost depends on local availability so the economic sustainability of using compost mulch would have to be determined for each farm.
Inhibition of fungal growth was demonstrated in the laboratory with the brown rot fungus, most likely through competition for resources from the higher microbial biodiversity in the active compost. Windels (1997) indicated that compost application helped control plant disease by reducing inoculum, suppressing disease symptoms, and preventing buildup of inoculum. The present results suggest that compost may affect fruit rot by reducing the growth of inoculum under trees but incidence of apple scab was not reduced in the compost treated plots. While V. inaequalis winters in fallen leaves on the ground, inoculum can be carried by wind from nearby infected trees (MacHardy, 1996) and it was not determined whether primary or secondary inoculum was responsible for the observed scab symptoms. Apple leaves in compost treated orchards have higher nutritional quality (Swezey et al., 1998) and with the ability of V. inaequalis to respond to nutritional changes in the host (Keitt and Boone, 1954) , more vigorous scab infections may be possible in treated orchards.
Conclusion
Since compost mulch provided equally favorable weed suppression as herbicide application, and increased numbers of beneficial arthropods in the orchard, its use should be recommended to increase the sustainability of orchard production systems. In addition to the improved pest management demonstrated by this study, enhancement of soil and tree health are widely recognized as benefits of compost use management (Allison, 1973; Glover et al., 2000; Smith et al., 2000) . Transportation costs, the potential for phosphorus runoff (Preusch et al., 2002) , and the possible increase in rodent injury may prevent widespread adoption of compost as a standard practice, but where it is economically feasible compost application should be encouraged. As Doran (2002) found, the creation of a more biologically diverse ecosystem through compost addition is likely to have greater consequences for sustainability of orchard production.
